Abstract. The purpose of this study was to explore the effect of trastuzumab in enhancing the activity of chemotherapeutic agents and the molecular basis of this effect. Two gastric cancer cell types with HER2 amplification, one sensitive (NCI-N87) and one insensitive (MKN-7) to trastuzumab, were tested for the effects of trastuzumab on cell growth and cell signaling using MTS assay and western blotting, respectively. Interaction between trastuzumab and chemotherapeutic agents (fluorouracil, doxorubicin, cisplatin and paclitaxel) was evaluated by the combination index (CI). Fluorouracil-induced apoptosis was evaluated using western blot for poly (ADP-ribose) polymerase (PARP). Trastuzumab decreased phosphorylation of S6K, showed synergistic effect with fluorouracil or doxorubicin, and increased fluorouracil-induced apoptosis in NCI-N87 cells, but not in MKN-7 cells. While the mTOR inhibitor everolimus enhanced fluorouracil-induced apoptosis in both HER2-amplified cell lines, this was not the case in the gastric cancer cell lines without HER2 amplification. Consistently, while the EGFR/HER2 inhibitor CL-387,785 inhibited cell growth of MKN-7, this growth inhibition did not accompany decrease in phosphorylation of S6K, and the compound did not enhance fluorouracil-induced apoptosis. In summary, inhibition of the mTOR/S6K signal may be a key molecular event in enhancing fluorouracil-induced apoptosis specifically in gastric cancer cells with HER2 amplification. mTOR inhibitors may therefore be attractive alternative drugs in gastric cancers with HER2 amplification regardless of their sensitivity to trastuzumab.
Introduction
Gastric cancer is the fourth-most common cancer and the second leading cause of cancer death worldwide (1, 2) . When diagnosed in its early stages, a surgical approach with a partial or total gastric resection are often successful (3) . However, when diagnosed with primarily unresectable disease or recurrence after surgery (4), the disease is no longer curable despite systemic chemotherapy with cytotoxic chemotherapeutic agents, including fluorouracil, cisplatin, doxorubicin and paclitaxel, either alone or in combination. Response rates to these chemotherapies are generally less than 50% and median survival time from diagnosis is less than one year (5) . New treatment strategies are therefore urgently required.
Molecularly targeted agents, particularly those targeting receptor tyrosine kinases (RTKs), have been successfully used in clinical settings since the late 1990s. The most promising of these have generally been those targeting RTKs with genetic changes causing aberrant activation. These include trastuzumab, a monoclonal antibody against extracellular domain of human epidermal growth factor receptor 2 (HER2), in HER2-overexpressing breast cancer (6) ; and erlotinib and gefitinib, which inhibit epidermal growth factor receptor (EGFR) with somatic mutations in non-small cell lung cancer (7, 8) . In gastric cancer, gene amplification in HER2, MET, and fibroblast growth factor receptor 2 (FGFR2) have been reported in 20%, 20%, and 40% of tumor samples, respectively. While HER2 amplification is predominantly found in the well-differentiated intestinal subtype (9) (10) (11) (12) (13) (14) , MET and FGFR2 amplification occur more frequently in the undifferentiated diffuse subtype (15) . The potential of these RTKs as therapeutic targets in gastric cancer was clinically demonstrated by the success of the ToGA (Trastuzumab for Gastric Cancer) study, at least in part (16) . This open-label, international, phase III randomized controlled trial compared cisplatin plus fluorouracil or capecitabine (reference arm) versus the same regimens combined with trastuzumab in HER2-overexpressing advanced gastric cancer. that the trastuzumab-containing arm was superior to chemotherapy alone with regard to response rate, progression-free survival, and overall survival (16) . Although the ToGA trial shed light on the strategy of targeting gene-amplified RTK in gastric cancer, several questions remained to be answered, including whether trastuzumab enhances the effect of chemotherapeutic agents even in trastuzumab-resistant HER2-amplified gastric cancer cells, and the control of trastuzumab-resistant HER2-amplified cells.
Here, we compared the effects of trastuzumab in two HER2-amplified gastric cancer cell lines in vitro, one of which has been reported to be sensitive to anti-HER2 monoclonal antibody (NCI-N87) and the second to be insensitive (MKN-7).
Materials and methods
Cell culture. NCI-N87 cells were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). NUGC-4, MKN-7, KATO-III, MKN-45, MKN-1, and MKN-74 cells were purchased from RIKEN BioResource Center (Tsukuba, Japan). Both NCI-N87 and MKN-7 cells have been reported to have amplification of the HER2 gene (17, 18) . NCI-N87 cells were reported to be sensitive to trastuzumab in vitro (19) , while MKN-7 cells were shown to be resistant to monoclonal antibody 4D5, which has the same antigen-binding fragment (Fab) as trastuzumab (20) .
All cell lines were maintained in RPMI-1640 (Cellgro) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 U/ml streptomycin, and 2 mM glutamine. All cells were grown at 37˚C in a humidified atmosphere with 5% CO 2 and were in the logarithmic growth phase upon initiation of the experiments. The cells were passaged for ≤3 months before fresh cells were obtained from frozen early-passage stocks received from the indicated sources.
Drugs. Evelorimus (RAD001), an inhibitor of mTOR, was kindly provided by Novartis Pharma (Basel, Switzerland). Fluorouracil, cisplatin, doxorubicin and paclitaxel were purchased from Wako (Osaka, Japan). Trastuzumab was obtained from the Kobe University Hospital Pharmacy. CL-387,785, an inhibitor of EGFR/HER2, was purchased from Calbiochem (San Diego, CA, USA). Stock solutions were prepared in dimethyl sulfoxide (DMSO) and stored at -20˚C. The drugs were diluted in fresh media before each experiment, with final DMSO concentrations less than 0.1%.
Antibodies and western blotting. Cells were washed with icecold PBS and scraped immediately after the addition of lysis buffer [20 mM Tris (pH 7.5), 150 mM NaCl, 10% glycerol, 1% NP40, and 2 mM EDTA] containing protease and phosphatase inhibitors [100 mM NaF, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM Na 3 VO 4 , 2 µg/ml aprotinin, and 5 µg/ml leupeptin). Lysates were centrifuged at 14,000 relative centrifugal force for 10 min. Supernatants were collected as protein extracts and then separated by electrophoresis on 7.6% sodium dodecyl sulfate (SDS)-polyacrylamide gels, followed by transfer to nitrocellulose membranes (Millipore, Billerica, MA, USA) and detection by immunoblotting using the enhanced chemiluminescence system (New England Nuclear Life Science Products, Boston, MA, USA). HER2/ ErbB2 (44E7), phospho-HER2/ErbB2 (Tyr1221/1222)(6B12), Akt, phospho-Akt (Ser473)(D9E), p70 S6 kinase, phospho-p70 S6 kinase (Thr389), and cleaved-PARP (Asp214)(D64E10) antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Phospho-EGFR (Y1068), ERK1/2, phospho-ERK1/2 (pT185/pY187) antibodies were purchased from Invitrogen (Carlsbad, CA, USA), and β-actin antibody was purchased from Sigma-Aldrich (St. Louis, MO, USA). Immunoblot quantification was carried out by densitometry using ImageJ software (21) .
Cell growth assay. Growth inhibition was assessed using the MTS assay (Promega, WI, USA), a colorimetric method for determining the number of viable cells based on the bioreduction of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) to a soluble formazan product, which is detectable by spectrophotometry at a wavelength of 490 nm. Cells were diluted in 160 µl/well of maintenance cell culture media and plated in 96-well flatbottom plates (Corning, Lowell, MA, USA). After a 144-h growth period, the number of cells required to obtain an optical density (OD) within the linear range of the assay, 1.3-2.2, was determined for each cell line with pilot experiments. The number of cells per well used in the subsequent experiments was as follows: NCI-N87: 5,000; MKN-7: 3,000; KATO-III: 3,000; MKN-1: 2,000; MKN-45: 1,500; MKN-74: 2,000 and NUGC-4: 2,000. At 24 h after plating, cell culture media were replaced with 10% FBS containing media with and without drugs followed by incubation for an additional 120 h. A total of 6 to 12 replicate wells were established for each experimental point and all experiments were performed at least in triplicate. Data are expressed as a percentage of growth relative to that of untreated control cells.
Combination index (CI).
Interaction between trastuzumab and cytotoxic chemotherapeutic agents was evaluated by the median-effect method (CalcuSyn software; Biosoft) to determine the well-established CI (22) , with which CI values ≤1, and >1 indicate synergistic, additive, and antagonistic effects, respectively (23) . The maximum concentration of trastuzumab was set at 100 µg/ml, on the basis that this concentration is close to the maximum plasma concentration of trastuzumab observed clinically, and has been widely used in previous studies (24) . Maximum concentrations of fluorouracil, doxorubicin, cisplatin, and paclitaxel was set at 100 µM, 1 µM, 10 µM, and 100 nM, respectively, based on their approximate IC 90 values as determined by pilot experiments using the NCI-N87 cell line (data not shown). Serial two-fold dilution with a fixed concentration ratio of chemotherapeutic drug/trastuzumab was done, and total CI was represented as the average of CI at each experimental point.
Results

Effect of trastuzumab on cell growth in gastric cancer cell lines.
We first screened seven gastric cancer cell lines for in vitro growth inhibition by trastuzumab (Fig. 1A) . Results confirmed that trastuzumab was not effective in five non-HER2-amplified gastric cancer cell lines (IC 50 >100 µg/ml). Of the two HER2-amplified cell lines, only NCI-N87, and not MKN-7, was more sensitive than non-HER2-amplified cells, consistent with previous studies (19, 20) .
Effect of trastuzumab on cell signaling in NCI-N87 and MKN-7 cell lines.
To explore the underlying mechanism of the differential effect of trastuzumab in NCI-N87 and MKN-7, we examined phosphorylation of HER2 and representative downstream signaling molecules in 10% FBS-containing media with and without increasing the concentration of trastuzumab. The most remarkable difference in signaling outcome after trastuzumab treatment was a decrease in phosphorylation of S6K, which was observed only in NCI-N87, and not in MKN-7 (Fig. 1B) .
Synergistic effect of trastuzumab and cytotoxic drugs in NCI-N87 cell line.
We next investigated synergy between trastuzumab and the clinically relevant cytotoxic drugs fluorouracil, cisplatin, doxorubicin and paclitaxcel in HER2-amplified NCI-N87 and MKN-7. In trastuzumab-sensitive NCI-N87, the combination of trastuzumab and fluorouracil or doxorubicin resulted in a CI value of 0.14 [95% confidence interval (CI) -0.11-0.39] and 0.30 (95% CI, -0.15-0.75), respectively, indicating significant synergy between the drugs ( Fig. 2A and B) . In trastuzumab-insensitive MKN-7, in contrast, trastuzumab and the individual chemotherapeutic drugs resulted in a 95% confidence interval for the CI value crossing 1, which indicates no significant synergy between the drugs (Fig. 2C and D) .
Fluorouracil-induced apoptosis in HER2-amplified gastric cancer cells. Because the combination of trastuzumab and fluorouracil showed the most promising synergy in the NCI-N87 cell line ( Fig. 2A and B) , we decided to explore the mechanism of the synergistic effect of the drugs in subsequent experiments.
To evaluate the level of apoptosis, we used western blot analysis for cleaved poly (ADP-ribose) polymerase (PARP), which is indicative for apoptosis. In the NCI-N87 cell line, while trastuzumab by itself produced a slight increase in cleaved PARP compared to control, the combination of trastuzumab and fluorouracil resulted in even higher level of cleaved PARP compared to either drug alone (Fig. 3A  and B) . In MKN-7, in contrast, trastuzumab alone did not produce an increase in cleaved PARP compared to control, while the combination of trastuzumab and fluorouracil did not increase cleaved PARP expression compared to either drug alone (Fig. 3A and B) . These results indicated that the synergy observed in NCI-N87 cells treated with trastuzumab and fluorouracil ( Fig. 2A and B) was likely attributable to the enhancement of fluorouracil-induced apoptosis by trastuzumab. They also indicate that the synergistic effect of trastuzumab and fluorouracil may be limited to cell lines sensitive to trastuzumab itself.
Effect of everolimus in NCI-N87 and MKN-7 cell lines.
Because a decrease in the phosphorylation of S6K on treatment with trastuzumab was observed only in NCI-N87, and not in MKN-7 (Fig. 1B) , we hypothesized that inhibition of the phosphorylation of S6K may be an important molecular event for trastuzumab in its enhancement of fluorouracil-induced apoptosis and synergistic effect with the drug. Therefore, we next evaluated the effect of the mTOR inhibitor everolimus on cell signaling and fluorouracil-induced apoptosis in the two HER2-amplified gastric cell lines. As seen in Fig. 4A , while everolimus alone inhibited phosphorylation of S6K, it instead decreased the expression of cleaved PARP as compared to control in both cell lines. When combined with fluorouracil, however, everolimus inhibited phosphorylation of S6K and appeared to enhance fluorouracil-induced apoptosis in a dosedependent manner in both cell lines (Fig. 4B) . These results strengthen the notion that inhibition of the phosphorylation of S6K be a key molecular event in enhancing fluorouracilinduced apoptosis. . MKN-7 was previously shown to be resistant to anti-HER2 monoclonal antibody 4D5 because of alternative signaling from overexpressing EGFR (17) . Therefore, we next evaluated the effect of CL-387,785, an EGFR/HER2 inhibitor, on cell growth, cell signaling and fluorouracil-induced apoptosis in MKN-7.
Effect of fluorouracil in combination with CL-387,785 in
As seen in Fig. 5A , treatment of MKN-7 with CL-387,785 resulted in growth inhibition, albeit to a lesser extent than in NCI-N87. In the western blot analysis, treatment of CL-387,785 resulted in decrease in phosphorylation of ERK1/2 versus only a mild decrease in that of S6K (Fig. 5B) . Consistent with this, the addition of CL-387,785 to fluorouracil did not increase the expression of cleaved PARP compared to fluorouracil alone (Fig. 5B) . This finding again supports the notion that inhibition of the mTOR-S6K signal may be important in enhancing fluorouracil-induced apoptosis. Further, it suggests that growth inhibitory effect of anti-RTK agent alone does not guarantee its ability to enhance chemotherapy-induced apoptosis. which have been reported to harbor MET-amplification (25) , FGFR2-amplification (25) , EGFR-mutation (E746-A750 del), PIK3CA-mutation (E545K) (26) , and B-RAF mutation (G466V), respectively (27) , were treated with everolimus, fluorouracil, or their combination. Phosphorylation of S6K and cleavage of PARP were analyzed as shown in Fig. 6 . Everolimus dramatically decreased the phosphorylation of S6K in all cell lines except MKN-74, while the combination of fluorouracil and everolimus did not increase cleaved PARP expression compared to fluorouracil alone in any of the cell lines. This finding suggests that the mTOR-S6K signal in fluorouracil-induced apoptosis is not universal, but somewhat specific to HER2-amplified gastric cancer cell lines.
Synergistic effect of everolimus in combination with
Discussion
In this study, we found that while trastuzumab administered together with fluorouracil or doxorubicin synergistically enhanced apoptosis in the trastuzumab-sensitive HER2-amplified gastric cancer cell line NCI-N87, no such effect was seen in trastuzumab-insensitive HER2-amplified MKN-7 cells. We also found that inhibition of the phosphorylation of S6K appeared to be a key molecular event in the enhancement of fluorouracil-induced apoptosis, indicating that the mTOR inhibitor everolimus might be an attractive back-up drug for HER2-amplified gastric cancers.
Several previous studies evaluated the ability of trastuzumab to produce synergy with chemotherapeutic agents in HER2-amplified gastric cancer cell lines. Kim et al (28) reported a synergistic effect between trastuzumab and cisplatin but only an additive effect between trastuzumab and fluorouracil or oxaliplatin using the SNU-216 cell line. Tanizaki et al (29) reported synergy between trastuzumab and fluorouracil in three HER2-amplified gastric cancer cell lines, NCI-N87, MKN-7, and SNU-216. These inconsistent results among the studies, including our present study, may be due to differences in experimental conditions. Moreover, none of the previous studies reported the drug concentrations used to test synergy between trastuzumab and chemotherapeutic agents. In our study, we found that inhibition of the phosphorylation of S6K with treatment with trastuzumab occurred only in NCI-N87 cells, and not in MKN-7 cells. With regard to the phosphorylation of Akt, in contrast, trastuzumab induced no or only modest changes in both cell lines (Fig. 1B) . This finding is consistent with our previous study using HER2-amplified breast cancer cell lines, in which the degree of growth inhibition by trastuzumab was more closely correlated with inhibition of the phosphorylation of S6K than of Akt (30) . These findings raise the possibility that phosphorylation of S6K might be a pharmacodynamic marker for anti-HER2 therapy in HER2-amplified cancer cells regardless of their origin.
We also found that a decrease in phosphorylation of S6K was necessary to enhance fluorouracil-induced apoptosis in HER2-amplified gastric cancer cell lines. While the mTOR-S6K signal has been characterized as involved in G1/S cell cycle progression by initiating protein translation, this signal is also known to promote cell survival. This latter effect was reported to occur via active S6K phosphorylation of the pro-apoptotic factor BAD at Ser136 (31) . The primary role of S6K might differ depending on cell type. As we did not find that everolimus enhanced fluorouracil-induced apoptosis in gastric cancer cell lines which have genetic alteration in RTKs or signaling molecules other than HER2 (Fig. 6) , a predominant role of S6K in cell survival might be characteristic in HER2-amplified gastric cancer cells. In some cell lines, the addition of everolimus rather decreased the level of fluorouracil-induced apoptosis compared to fluorouracil alone (Fig. 6) . This might be due to the known effect of everolimus to induce cell cycle arrest, under which fluorouracil would not work effectively. Determining the predominant role of S6K in cell cycle progression vs. cell survival in specific cells might therefore be therapeutically important.
The clinical usefulness of everolimus is currently under investigation. A phase II clinical trial of everolimus monotherapy in patients with advanced gastric cancer showed a disease control rate of 56% despite no objective tumor response (32) . Further, a randomized, double-blind, multi-center phase III study comparing everolimus plus best supportive care (BSC) with placebo plus BSC in patients with advanced gastric cancer after progression on 1 or 2 prior systemic chemotherapies is now ongoing (33) . The results of this trial, particularly the subset analysis based on HER2 status, should provide deeper insight into the importance of the mTOR-S6K signal in the survival of HER2-amplified gastric cancers. Although the combination of capecitabine and everolimus showed only a modest effect in a phase I study (34) , evaluating the trastuzumab-fluorouracil (or its derivative) combination after enrichment of the study population with patients whose tumors have HER2-amplification may be worthwhile.
Several limitations of this study warrant mention. First, our use of only two HER2-amplified gastric cancer cell lines precludes the generalization of the results. Compared to breast cancer, substantially fewer HER2-amplified gastric cancer cell lines are available. Confirmation of our findings in other or newly established HER2-amplified gastric cancer cell lines would be valuable.
Second, in addition to its inhibition of HER2 signaling, several studies have indicated the contribution of antigendependent cellular cytotoxicity (ADCC) in the antitumor effect of trastuzumab in breast cancer. Because ADCC only works in in vivo conditions, our present data do not necessarily deny the potential effect of trastuzumab on tumors showing resistance to trastuzumab in vitro.
In summary, our findings suggest that inhibition of the mTOR-S6K signal is a key molecular event in enhancing fluorouracil-induced apoptosis in HER2-amplified gastric cancer cells, regardless of sensitivity to trastuzumab. mTOR inhibitors such as everolimus might be attractive back-up drugs in a particular subset of gastric cancers. A better understanding of these findings, however, may require further investigation in clinical trials and associated translational studies. 
